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Abstract: The deformation of boat hull bottom panels during the initial phase of slamming is
studied analytically using a linear elastic Euler-Bernoulli beam as a representation of the cross
section of a bottom panel. The slamming pressure is modeled as a high-intensity peak followed by
a lower constant pressure, traveling at constant speed along the beam. The problem is solved
using a Fourier sine integral transformation in space and a Laplace-Carson integral transformation
in time. Deflection and bending moment as functions of time and position for different speeds,
bending stiffnesses, etc. are given. In particular the effect of slamming load traveling speed on
structural response of the simplified bottom structure is investigated. It is found that rather large
deflections and bending moments are encountered at certain speeds of the pressure, which
suggests that bottom panels may benefit from tailoring their stiffness and mass properties such
that loads are reduced. This would vary with boat particulars and operation (deadrise angle, mass,
speed, sea state, etc). The importance of the high-intensity pressure peak often encountered during
slamming is also studied. It is seen that for relatively slow moving slamming loads the pressure

peak has little influence. However, for faster moving loads its influence can be significant.

Keywords: Bottom slamming; Initial phase; Euler-Bernoulli beam; Two-step load, analytical

method
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1. Introduction

Some of the highest loads on high-speed boats are due to bottom slamming. Slamming pressures
are very dynamic and vary significantly over the bottom. Typically slamming starts with a high-
intensity pressure peak that travels rapidly over the bottom from the keel towards the chines. The
pressure peak is usually followed by a lower and essentially constant pressure. The pressure peak
magnitude and propagation speed depend heavily on the impact velocity and deadrise angle of the
boat. Slamming peak pressures have been experimentally measured to reach 8 MPa or even more
(e.g., Faltinsen [1]), which is close to the acoustic pressure (hammer pressure) for the vertical
speeds studied. On the other hand current structural design criteria for high-speed craft treat
slamming as static uniformly distributed pressures with considerably lower pressure magnitudes
(e.g., DNV [2], ABS [3], Lloyds [4]). This raises the question whether the structures designed and
manufactured by those criteria are conservative, over or under designed, or just plainly incorrectly
designed. The present study tries to shed some light on this complex problem by analytically
studying a simplified model of a bottom panel subjected to a non-uniform pressure distribution
traveling at various speeds. More advanced studies, as well as correlation with experimentally

measured slamming response using the Numerette research craft, are underway.

Early analytic research on slamming was done by von Karman [5] using a momentum approach,
and by Wagner [6] using two-dimensional non-viscous incompressible flow. Cointe and Armand
[7] studied the problem of an impacting cylinder and considered nonlinearity of the local jet flow.
Zhao and Faltinsen [8] and Faltinsen [9] improved the solution of Wagner using a boundary
element method and indicated a superposition of asymptotic expansions of high pressure at the
spray root and a following lower pressure distribution. Faltinsen [9, 13] reported that hydroelastic
effects are mainly relevant for local impacts when the deadrise angle is small and the duration of
the impact is shorter or comparable to the structure's natural period. A conformal mapping
technique was used by Mei et al. [10] to study the impact pressure on a two-dimensional body.
Wet deck slamming was studied theoretically by Faltinsen [11] using a hydroelastic beam model.
An initial structural inertia phase and a subsequent free vibration phase were identified. An
asymptotic theory showed that the maximum bending stresses are proportional to an effective
drop velocity and are not sensitive to the curvature of the wave surface or where the waves hit the
beam.
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Simply stated, slamming appears to consist of an initial slamming load arriving phase followed by
a vibration phase. In this paper the bottom response during the slamming load arriving phase is
analytically studied. The boat bottom is modeled as a one-dimensional linear elastic Euler-
Bernoulli beam. The slamming pressure is modeled as a high intensity peak followed by a lower

constant pressure, traveling at constant speed along the beam.

Fluid-structure interactions are at this time ignored, or simply included as a constant added-mass
term. Air entrapment which may have a large influence at lower deadrise angles is also ignored.
The deformation is assumed to be sufficiently small that linear-elastic beam theory is valid, and
that the geometry of the deformed bottom is not significantly different from the undeformed one.
The assumption that the load travels at constant speed across the beam in essence implies that the
vertical velocity of the boat bottom is constant during the slamming event, which depending on
boat particulars (geometry, mass, etc) may or may not be a reasonable assumption. The equations
are solved by using a Fourier sine integral transformation in space and a Laplace-Carson integral
transformation in time, as done by Fryba [12]. The structural response during the slamming load
arriving phasé is given. The effect of slamming load traveling speed on structural responses is

presented.

2. Simplified Analytical Model of Slamming, Two-Step Load on Beam

Consider the system shown in Figure 1 in which a bottom panel is modeled as a simply supported
Euler-Bernoulli beam subjected to the slamming load ¢(x,#) which moves with constant velocity ¢
from one end to the other. The model may be reasonably realistic for bottom panels which are
long relative to their width, as is common in boat bottoms. Simply supported edges were chosen
as a reasonable approximation of the bottom panels of the Numerette research craft. Its bottom
consists of ten sandwich panels whose cores taper off and vanish by the edges, resulting in a
single skin "collar” along the perimeter of each panel. The thin single skin collar is considerably
more compliant in bending than the thick sandwich, thus modeling the edges as simply supported
is presumably a decent approximation. It may or may not be a feasible approximation for the

edges of bottom panels in other boats. The deflection of the beam is w(x,#), where x (0<x <L) is
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the position within the beam and # (0<7 < L/c) is time. In Figure 1, L is the length of the beam
and /; is the length of the high-intensity pressure peak. The analysis in this paper terminates at

t=L/c when the pressure peak reaches the right end of the beam (corresponding to the slamming

pressure reaching the chine of the boat).

qi
9%,y &
5,
qz _.--=""7" W =z e
TORFTTLIETTenl | "
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Figure 1. Left: cross-section of boat during slamming, showing the moving slamming pressure g(x,?). Right:
Simplified model where the bottom panel is represented by a beam and the slamming pressure g(x,#) as two constant

pressures, q; and g, traveling at a constant speed c.

Using the Euler-Bernoulli beam assumptions the governing equation is

4 2
0" w(x,1) i 0°'w(x,1)

EI -
ox* ot?

g(x,1) 1)

where EI is bending stiffness (assumed constant), g(x,#) is load per unit length, z is total mass

(mass of beam plus some added mass of water) per unit length of the beam (also assumed
constant). The added mass of a submerged bottom panel is usually assumed to correspond to the

mass of a half cylinder of water with diameter L and length d (in the present case d is the width of

the beam). The total added mass is thus p,zL’d /8. If it is assumed that this mass is evenly

distributed along the length of the present beam, then the added mass per unit length becomes
P, 7iLd /8. This would be for a fully submerged panel, whereas at the beginning of the slamming

event the bottom panel is essentially dry and there is no added mass term. For this reason a
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constant k € [0,1] was introduced, such that u* = u+kp, 7zld/8. For a fully submerged bottom

panel k=1, whereas for a dry panel 4=0; however in the analysis below k is assumed constant
during the whole slamming event (from the time the keel touches the water surface to the time
when the slamming pressure reaches the chine). It may be plausible to believe that the two cases

k=0 and #=1 in some sense bound the behavior of a bottom panel.

In the present study the slamming load is simplified as a moving step load of the following form:
g(o0) =g 1= Hex—en)]~(g, - g,)1 - H(x~ct-1,/ )] @

where ¢g; is the load per unit length of the initial load peak, qz.is the load per unit length of the
residual load following the peak, and H(x) is the Heaviside step function,

0 for x<0

1 for x>0 @)

H(x)={

Since equation (1) is linear, superposition applies and the problem can be solved in two parts. The

first set of equations is

o'w(x,t) . &*w(x,1)
E[—ax4—'+lll T=ql[l—H(x—ct)] (4)
The corresponding boundary conditions and the initial conditions for equation (4) are

w(0,1)=0 w(L,t) =0 (5)
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O*w(x,t) 0 O’ w(x,1) 0
axz x=0 axz x=L
and
w(x,0)=0 LU CTL))| R ©)
a i
The second set of equations is
o*w(x,t . 0% w(x,t
ErOYOD | OWED oS- Hx e —1, 1)) )

ox* or?

The corresponding boundary conditions and the initial conditions for equation (7) are

w(0,6)=0 w(L,t)=0 &)
o*w(x,1) ~0 O’ w(x,1) 0
axz x=0 - axz x=L
and
et _, 5

w(x,t )lt=l,/c =0 ot

t=h/c

If w(x,?) is the solution to the slamming problem, w,(x,?) is the solution to eqs. (4-6) and w, (x,)

is the solution to egs. (7-9), then
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w(x, 1) =w, (x,£) + w, (x,1) (10)

3. Nondimensionalization of the Problem

In order to reduce the number of parameters the following dimensionless quantities are introduced

- x b o_w oL . [H
T T L T I
A M) =2 Mt (11
c=¢C E[ (x= )_E[ (x= ) )

The dimensionless versions of egs. (4-6) are

4 2
0 w(x t) 0 w(x t) [1 H(x ct)] (12)
ox
w(0,1)=0 w(l,)=0 (13)
2 20
0 wazc,t) -0 0 wazc,t) -0
ox | ox Iz
and
w(x,0)=0 Lo (14)
while the dimensionless versions of egs. (7-9) are
&*w(x,t azth = o= = 5. 155
TR0 2 o g - HG 21 /) (1s)
X 1
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w(0,1)=0 w(lL,1) =0 (16)

2 2 =
0 wgc, f) ~0 0 wgc, 1) ~0
0x koo 0x |z
and
W) =0 w0l a7
t=h/c ot i

4. Solutions to the Equations

For equations (12-14), the solution ;1(;,;) can be obtained by using a Fourier sine integral
transformation in space and a Laplace-Carson integral transformation in time [12]. Multiplying
eq. (12) by sin jﬂ;, where j is an integer, and integrating with respect to x between 0 and 1,
using the boundary conditions (13) and relations (A1-A3) in Appendix A, the following is

obtained:

WG G D=2 —cosjrer)  j=123- (18)
jr
where W (j, ;) is the Fourier sine integral transform of the original W (;, ;) ,

1
W(j,f)=JW1(x,t)sinjﬂxdx j=123-- (19)
0
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wi(x, 1) = 22 W(j,t)sin jrx (20)

=

Set a = j2z% and b = jzc, then equation (18) can be reorganized as follows
WG D+a W () =2 1-cosbt) j=123 (21)
jr

Next we apply the Laplace-Carson integral transformation on equation (21), i.e. multiply each

term in eq. (21) by e~ , integrate with respect to t between 0 and oo, and multiply by s which is
a variable in the complex plane. Using the initial conditions (14) and relations (B1-B3) in

Appendix B, we can get

O I @2)
’ jr (8% +a*)(s* +b?)
where W' (j,s) is the Laplace-Carson transform of the original W( j,;) 5
W (j,s) = s[W(j, 0™ dt (23)
0

Applying the inverse Laplace-Carson transformation on equation (22), using relations (B2) (B4),

the solution is obtained,

Jz a b
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This solution is not valid if a=b, i.e. when j=7z2. However, this can be avoided by a slight
change in ¢, and therefore will be tacitly ignored.

With equation (20) and (24), we shall get the solution to eqs. (12-14), where 0<z<1/c and

0<x<l1,

wi(x, 1) = iz%[ > (b2 cosar—a’ cosb;):lsinjﬂ;, a=j*r?, b=jrc (25)
V4

j=1J

The solution to the second set of equations, egs. (15-17), is obtained by a time shift and scaling,

[ o<i<h
_ C
_ 2 1 - ]
Wa(x,0) =+ (q; QI)Z]] [ m(bzcosa(t——zl—) (26)
—a? cosh(t —1:1)} sin jzx (Z_l— <r< i)
[ [ [

Thus, the final solution for a moving step load is

r2—512—1——[1 P (b2 cosat —a® cos b;)] sin j7x (0<r< Ll)
= A e
(e 1 25 1= 51 2 = e -
J— —1q,+———=\b" cosat —a” cos bt )
W(x,t) 72.5 ;].5 [QZ a2 —b2 ( ) ( 7)
_%(bz cosa(;—lrl)—a2 COSb(Z—Z_I—)J:lSinjﬂ; (l:]sis.l_)
a“ —-b C C c c

With the deflection known other quantities of interest, like the bending moment or the shear

forces in the beam, are easily obtained. In particular, the bending moment is
10 (31)



M =—EI M= 28)
ox* 6x2
and thus
(2,2 _ . .
2_q31 %[l+ 5 ! > (b2 cosat —a’ cosbt)}sinjﬂx (OStglfl
=) a -b z
— —- 2&1 = q B -
M(x,t) =5 ?;7[% t— _1b2 (b2 cosat—a’ cosbt) (29)
___51 —52 b2 A il 2 A 21 . .= 21 -1
=By bn cosa(t—=)—a“ cosb(t—=) | [sin jzx (=<t<=)
a“-b c c c o

In the next section a slightly different pressure profile will be discussed.

5. Alternative Pressure Distribution, the Point-Step Load

As mentioned measurements of bottom pressures in high-speed boats indicate that there is a high
pressure peak spreading rapidly over the bottom, followed by a considerably lower pressure over
a large area of the bottom. The pressure peak was represented by the pressure (times width) ¢,
above. The importance of the pressure peak can be further studied by representing it by a moving

point-load, Fp, followed by a constant pressure. This will be called the "Point-Step Load" in the

remainder of the paper. The normalized slamming load a(;, ;) can then be expressed as
q(r,0)=Fos(x—ct)+q,[1- Hx-cp] (30)
where 5(x) is a Dirac pulse and 5, is a residual pressure following the point load. In order to

compare this load with the two-step load, the point-load load is set equal to the total load of the
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initial peak, and the total load when the slamming reaches the right end of the beam is made the

same for the two different loads; thus

Fp=gq,h q,=4,1-1) (31)

The governing equation for this load is

8* w1 (x,1) : > wi(x,1)
o or

=Foo(x-ct)rq l-HGx-en] (32)

together with the boundary and initial conditions, eqs. (13-14). The problem is solved in a similar

fashion as for the two-step load, and with the help of (A4), (B4) and (B5) the solution becomes:

e =~~~ ] | OO N
wi(x,t)=2nFpc) ———| —sinbt——sinat |sin jzx
1(1) P jZI:czz—Z)2 (b a ) &

2g, & 1 33)
+i5’ fs[l+ — (b2 cosat—a’ cosbt)] sin jzx
VA= a“-b
S B _ _ _® j3 1 _ 1 A .
Mz(x,t)=27I3F0c22——2—(—sinbt——sin at)sinjﬁx
‘Ga —=b"\b a (34)

3 3 a _b2

2_ 0
e/ L[H 21
T 4]

(b2 cosat—a’ cos b;)] sin jzx

With the definition of the point load and the residual pressure of eq. (31), the total load at the time
the slamming reaches the right end of the beam is the same for this load as for the two-step load.

However, at any other time the total force is higher for the present pressure distribution.
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6 Convergence and Error Analysis

In this section the errors introduced by terminating the infinite series solutions of eqs. (27) and

(29) are studied. With some rearrangement of eq. (25) the following is obtained,

— -——2 —_—
— —= 12901 |2 @ 1 2q. | 1
R T R .7
J= /= -
1. 2af2] 1

. . —2 x =2 . . .
where J; is an integer equal or greater than V1+c¢ /7 (so j2z* —c¢” >1). Since a p-series with

p>1 is convergent, the solution wi(x,7) is also convergent (except if j = ¢, which as mentioned

previously is disregarded).

For numerical calculations a truncated series is used,

- g 2o - - -
wi (x,1) =%Z%[l+ - E 7 (b2 cosat —a’ cosbt)jlsinjmc (36)

j= S

with an error limited by

lerrorld =

(37
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Since

© © 1 < 1 2 1
Z.—5< J‘—I;dx= and ZT< j%dx= (38)

the error estimate becomes

_2 P—
l A (1 ) l I 9 I
error|, < + (39)
M = i = ]
N e . —  wi(x0) .
Similarly, for the bending moment M) = ————--*, we can get the following result
ox
51 L 1 1 2 n 2 y . .
( t) =g 1+——2—2(b cosat—a cosbt) sin jzx (40)
= a” -b

where J; is an integer equal or greater than (1 +V1+ An’c )/ 27*. An upper bound of the error of

the bending moment M (;, ;) is

o | 2 || 2g |
erorl. <5, S| 0, | [ ) @D
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7 Range of Parameters for Slamming

Slamming calculations will in this paper be performed for parameters that are relevant for boats

and ships. The speed that the slamming load travels over the bottom, ¢, can be estimated by

- Ve 1 V=m
2tanf cosf 2sinf

(42)

where V' is the vertical velocity of a 2D wedge dropped in water and £ is the deadrise angle of
the bottom, e.g., Faltinsen [13]. It will be assumed that deadrise angles of the boats of interest are

in the range 5° to 45°, and the vertical velocity in the range 1 m/s to 10 m/s. Drop tests with these
parameters have been performed in [1], [14] and [16]. Using these values the speed that the
slamming load travels over the bottom, c, is estimated by eq. [42] to vary from 2 m/s to 200 m/s.
Peak pressure and duration were deduced from among other sources the drop tests of [1], [14] and
[16]. The peak pressure range and peak duration in Table 1 appears to cover the majority of such
tests. The ratio of pi/p; is naturally not clearly defined from experiments since real slamming
loads differs from the two-step load presently assumed. However, for the purpose of presenting

results the pressure ratio p;/p, was assumed to be in the range of 2~20.

Table 1. Range of parameters studied

Parameters Traveling | peak pressure | ratio of Duration of
load speed ¢ slamming load peak
(kPa] pip2
[m/s] [ms]
Value Ranges 2~200 10~8,000 2~20 0.01~2
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Regarding bottom stiffness, the range can be estimated to vary from that of a very soft bottom
panel such as a one meter wide 3 mm thick aluminum plate (£=70 GPa, density 2700 kg/m>), to a
stiff bottom such as a one meter wide sandwich panel with two 15 mm thick carbon fiber skins
(E=100 GPa, density 1500 kg/m®) on each side of a 70 mm thick high density foam core
(negligible stiffness, density 250 kg/m®). This results in a bending stiffness (EI) ratio of the soft
bottom to the stiff bottom of approximately 3x107°. With this ratio, the ranges of interest of the
dimensionless parameters given in Table 2 are obtained (from eq. (11)). The length /; was

estimated as traveling load speed times duration of the pressure peak, resulting in the normalized

length I; of Table 2 if the length of the beam is 1 m.

Table 2. Range of interest of the dimensionless parameters

Parameters Traveling Peak pressure | Ratio of Peak load length
load speed _ _ _
. 4 9,/q, L
c
Value Ranges 0.01~320 103~10° 2~20 2%107° ~0.4

In the next section dynamic deflection w and bending moment M will be presented. They will
be normalized by the maximum static deflection Wns and the maximum static bending moment
M »s that result if the beam is statically subjected to a two-step load with the same properties as

the dynamic load (i.e., s in Figure 1). Let x=a bethe right edge of the pressure pulse 51 . Then

Wns = max.
0<a<l,0<x<1

M| (43)

Wsl Mus = max
0<a<l,0<x<l1

16 (31)



where w; and M are the normalized static deflection and bending moment, respectively; please

see Appendix C for more details.

8 Results and Discussion

A sample calculation will reveal some of the features of dynamically loaded bottom panels.
Consider a simply supported beam subjected to a moving slamming load with the following

1 3 1
)

parameters: c= 5,51 / 52 =5, 11 =0.01. The deflections at four instances (;=i_, and

4c§

k4

4 ¢

are shown in Figure 2, and the bending moments are shown in Figure 3. The vertical axes
represent the deflection ratio W/ Wns and the bending moment ratio M/ Mus, respectively. In this
example the Point-Step Load predicts slightly higher deflection and bending moment of the beam
in most instances, as would be expected. In this case the maximum deflection reaches
approximately 55% of the maximum static deflection. The fact that the load is moving thus

reduced the maximum deflection in this case. This is not generally true as will be seen shortly.
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Figure 2. Deflection ratio —M—// —M—ims of the beam under moving slamming load

with c=5, ¢q,/q, =5, 11 =0.01
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Figure 3. Bending moment ratio M / M ns of the beam under moving slamming load

with ¢ =5, q,/q, =5, 1, =0.01

The effects of the slamming load traveling speed on structural responses are sketched in Figures 4

and 5 when /; =0.01. They show the maximum absolute value of the dynamic deflection and

bending moment,

M| (44)

w, Mun = _max_
0<t<1/c,0<x<1l

Wmd = _INAX_
0<t<1/c,0<x<1l

normalized by the maximum static deflection, Wns, and the maximum static bending moment,

Mo, respectively. Note that Wra and M pa depend on 2, while wns and Mns do not. The
results in Figures 4 and 5 demonstrate an important phenomenon of the structural response during

the slamming load arriving phase. When the dimensionless slamming load moving speed is
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relatively low, the maximum dynamic deflection and moment are close to their static

counterparts, as expected. However, for the present case with I, =0.01, when ¢ increases to
around 2 the maximum dynamic deflection is approximately 50% higher than the maximum static
deflection. The same is true for the bending moment, the dynamic bending moment is

approximately 50% higher than the static one. There is a form of resonance occurring in the

structure. Considerable vibrations are occurring during the slamming load arriving phase when c

is relatively low. From equations (1) and (8) the eigenfrequencies of a simply supported Euler-

2.2
Bernoulli beam can be easily found: o, = ﬁLzl E—{,(i = 1,2,3---). If we define a characteristic
V Y7

22

. Lo, L . . . . - 7
velocity as ¢; =—2—’—, then the dimensionless characteristic velocity will be ¢; = " The first
7

three dimensionless characteristic velocities are 1.6, 6.3 and 14.1. The two lower graphs in
Figures 4 and 5 indicate that when /1 = 0.01 the most severe structural response occurs when the

propagation speed c is slightly higher than the first characteristic velocity. Faltinsen [11] also
pointed out that maximum strains occur during the free vibration phase and mainly the lowest

eigenmode is of importance at the time scale when maximum strains occur.

Presumably due to inertia effects, at higher propagation speed ¢ the maximum deflection and
bending moment, wys and Mya, decrease rapidly. When cis larger than the third characteristic

velocity, 14.1, the maximum structure response ratios, Wana | Was and M ma | M ms , are rather
small. This is referred to as the inertia phase by Faltinsen [11], and implies that the slamming

force is essentially balanced by structural inertia forces. After the inertia phase, the structure starts

to vibrate with an initial velocity obtained at the end of the inertia phase. For ¢ larger than 40, the
maximum dynamic deflection and bending moment at the end of the slamming load arriving

phase is less than 10% of the corresponding maximum static values.

Some effect of varying the peak pressure ratio, 51 / 52 , 1s also illustrated in Figures 4 and 5. With

L =0.01, increasing the pressure ratio from 1 to 20 leads to higher deflection and bending
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moment ratios, Wa | Was and M ma | M ms. In other words, a slamming load with the same peak
pressure but higher pressure ratio will result in a more severe structural response compared with

the corresponding static response.
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— - —Pressure Ratio=5 ’ : : = « = - Prgssure Ralio=5
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] Pressure Ralio=10 e Pressure Ratio=10
Pressure Rako=20 —— Pressure Ratio=20

|ﬁmdmﬂul

Iﬁmd/ﬁmsl

%4 3 7 7 3 y 5 04 1 X B 4 5
[5
Figure 4. Maximum deflection ratio versus Figure 5. Maximum bending moment ratio
speed of the slamming load for five different versus speed of the slamming load for five
pressureratios ¢, /g, when /1 = 0.01, The different pressure ratios g,/ q, when
lower graplﬁ is a zoomed-in version of the 21 = 0.01. The lower graph is a zoomed-in
upper grapi. version of the upper graph.
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An effect of peak load length, /1, is shown in Figures 6 and 7 for 5] / 52 =5. Three different I
were used, 0.001, 0.01 and 0.1. The deflections and bending moments were normalized by their

static equivalents as before in this paper. The figures indicate that both the normalized maximum

deflection and dynamic bending moment increase with increasing peak load length, Iy. Hence,
slamming load with long duration of the peak pressure appears to generate more deflection and

bending moment compared with the static equivalents.
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Figure 6. Maximum deflection ratio versus Figure 7. Maximum bending moment ratio
speed of the slamming load for three different versus speed of the slamming load for three
I, when q,/q, =5 different /1, when q,/q, =5

Some further insight into slamming can be gained by studying the influence of the total force of
the initial peak pressure. The Point-Step load outlinéd previously was used for this purpose, i.e., a
point load Fp preceding a constant pressure g;. The maximum dynamic deflection and the
maximum dynamic bending moment were calculated for different point loads Fp. In this case the

deflection was normalized by the static deflection of a beam loaded by a distributed pressure g;

only, i.e., by Ws =|55,/ 384|. Likewise, the dynamic bending moment was normalized by

Ms=

ar / 8|. The results are presented in Figures 8 and 9 where deflection and bending moment

are plotted versus F,, /q,L.
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Figure 8. Maximum deflection versus point Figure 9. Maximum bending moment versus
force ratio, normalized by maximum point force ratio, normalized by maximum
deflection from static evenly distributed load moment from static evenly distributed load g,.

qr-

Figure 8 and 9 show that the maximum deflection and bending moment of the structure increase

monotonously with increasing point force ratio, F}, / q,L , as expected. Further, as previously seen

when ¢ is close to the first characteristic velocity, 1.6, the maximum deflection and the maximum

bending moment of the structure are the largest. After this high deflection and high bending

moment phase, Wna and M na decrease with increasing speed of the slamming load. Further, the
figures indicate that reasonably small point loads have only little effect on the structural response

when the slamming load travels slowly. For example, the increase in deflection and bending
moment is just a few percent (relative to ws and -A_Js) for F,,/q.L =0.1 and c=0lorc=1.
However, at higher speeds, such as c=2 or ¢ =5, the increase is quite considerable. For c=2
the increase in deflection and bending moment over ws and M is approximately 12 % while for

¢ =5 the deflection increased 31% and the bending moment 38% in spite of the fact that the total
load is only 10 % higher because of the point load.
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9 Conclusions

The initial phase of slamming was studied using a simplified beam model subjected to moving
loads. At slow speed of the moving load the maximum dynamic deflection and the maximum
dynamic bending moment do not differ much from their static counterparts, but when the speed
approaches a characteristic speed of the panel the maximum deflection and bending moment
increase on the order of 50 %. At speeds above a few times the characteristic speed, the maximum
deflection and bending moment decrease below the static values (during the initial phase under
study). Both keep decreasing monotonically as the speed increases. This suggests that bottom
panels could be tailored to avoid large deflections and bending moments. In particular panel
stiffnesses could be avoided for which the characteristic speed of the panel is near the propagation
speed of the slamming load. Granted, this may be difficult, or even impossible, to achieve for any
speed and any sea state for a particular boat. Nevertheless, it may be possible to design a boat's
bottom such that the effects of the most severe condition (speed, sea state) are reduced. It should
further be noted that the speed and the pressure of the moving load depend on deadrise angle of
the hull; for example reducing the deadrise angle would increase the speed of the slamming load
(which may be beneficial) but also the pressure (which would not be beneficial). More analyzes
using more refined models would be required to gain a better understanding of the potential of

tailoring bottom panels for slamming.

The leading edge of the slamming pressure is typically characterized by a high pressure peak. If
the force in this peak is on the order of 10% of the total force on the bottom panel, then at slow
slamming load propagation speeds (less than, say, half the characteristic speed of the panel) this
pressure peak does not increase maximum deflection or maximum bending moment significantly.
However, at higher speeds (on the order of three times the characteristic speed) the maximum
deflection and maximum bending moment increase 30-40% due to this pressure peak (compared
to the response from a static evenly distributed load with no pressure peak), which is very

significant.
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Appendix A

Fourier sine integral transformation

Equation Original Transform
NO. f(x) F(5)
Al d‘f(x) : : j'rt
- for f0)=F(W)=7"©)=1"1)=0 = F()
A2 3 a,fx) Y aF()
i1 =1
bL
A3 b[l—H(x—a)] (l cos ]m)
jr /3
Ad S(x—a) i
Appendix B
Laplace-Carson integral transformation
Equation Original Transform
NO. 110) F(s)
BI a’1() SPF(s)—s£(0,)— sdf(o )
dar’
B2 Zn: a,f,(1) D a,F(s)
i=1 =t
B3 1 a’
—cosat
s’ +a?
B4 ! L 2 .
e 1+a2—b2 (b* cosat—a” cosbt) (s +a*)(s* +b7%)




B5

1.
—sinat
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Appendix C

The dynamic moment is normalized by the maximum static moment. The maximum static

moment within the beam depends on where the (slamming) load is applied. Introduce the distance

a such that the right end of the load ¢, in Figure 1 is located at x=a. In the dynamic case a=ct. The

maximum static bending moment cannot occur for a</; since additional load will increase the

maximum moment. For a>/; the bending moment in a beam that is statically loaded as in Figure 1

is

M

( g,x° (llqu —2al, g, +2Ll,q, -a’q, +2dl,q, - I{q, +2Laq, - 211, %)’C
- + 3 0<xSa—ll
2 2L 2
x> \I?q, —2al,q, +2Laq, —a’*q, +2al, q, —1? a—1 -
J_Q1 +(1% 191 q, q, 192 14Jx_( 1)@1 QJ .l B
22 2 2% 2 2 2 2
@41_hm41_a42+mm42_h4Jx @41"hm41_aQ2+mm42_44J
% — > , a<x<L

The maximum moment can occur either when a=[;, when a=L, or when /;<a<L. In either case,

since M(0)=M(L)=0 and M and its slope are continuous, the maximum moment will be found

where dM/dx=0. The three different cases are:

Case 1, a=l;

a1 R

, O<x<l
i B
———l‘q'x+————l'q1 , J =Xl
2L 2

The maximum moment for this case is

1

max

?2r-1, fq,
812
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Case 2, 1<a<L

The maximum will be in the range 0<x<a since for x>a the derivative dM/dx is never zero. The

maximum moment will be found in the range x<a-I; if

ag, —Lg, —aq, +|a’qt —2aLq? + I’q} - aq,q, +2aLq q,
9 —49

ll<l_ls

and otherwise in the range a-/;< x<a. The maximum moment is

(_ll (ll +2LXQ1 —4q )+aZQ2 +za(ll (% "%)"L% ))2

if 1, <l
2 = 8L2q2 1 |
(26111 q, -liq, +a’q, —2al,q, +1}q, Xzall q, ~1'q, —4alq, +4L’q, +a’q, ~2al q, +llzq2) if 1, >1
= 1 7k
Case 3, a=L
The moment is
2 2. g2 2
KA +(ll q, —lig, +L %)X , 0<x<L-I,
v 2 2L 2
_412xz +(112% -2, q, +2LZQ12"LLZQ2 +2L1 q, "112%)"_([’_11 )2(‘11 —Q2) , L=l <x<L

The maximum moment will be found where dA/dx=0, which is in the range x<L-/; if
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and otherwise in the range x>L-I;. The maximum moment is

( (112(% -4 )+LZQ2 )2 L
if 0<l, <———
e ) 8L2Q2 \/q, /q, +1
" ey ~12)g, ~a,)+ g, ) o e L
l L I —
8L2q1 : v /g, +1

Total
The maximum moment is the maximum of M', M, and M,
ax * M::ax >

M, =max[M) M ]
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